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By determining the inductance factor, the dependence of the ini-
tial magnetic permeability µi of amorphous and nanocrystalline
Fe–Si–B-based alloys on the γ-irradiation dose has been studied.
The doping of amorphous Fe–Si–B alloys with nickel and molybde-
num is found to enhance the radiation sensitivity of µi. The initial
magnetic permeability of nanocrystalline magnetic alloys is deter-
mined to be less sensitive to the action of γ-radiation than that of
doped amorphous ones. A hypothesis is put forward that the influ-
ence of radiation on the initial magnetic permeability is associated
with the creation of non-magnetic inclusions in the structure of
amorphous alloys and in the amorphous matrix of nanocrystalline
alloys.
1. Introduction
Amorphous and nanocrystalline alloys on the basis
of the Fe–Si–B system are characterized by high val-
ues of saturation induction and magnetic permeabil-
ity and by low magnetic reversal losses. Therefore,
they are widely applied in the manufacture of induc-
tive elements for the electrotechnical equipment: power
transformers, small-sized transformers operating at high
frequencies, throttles, etc. From the scientific view-
point, the researches of the radiation influence on
structurally sensitive characteristics of amorphous and
nanocrystalline alloys can be useful for establishing the
mechanisms of radiation-induced structural changes in
such systems. An application purpose of our research
was to study the expediency of using amorphous and
nanocrystalline ferromagnets on the basis of the Fe–
Si–B system under ionizing radiation conditions, as
well as a possibility to control the properties of those
substances taking advantage of their radiation treat-
ment.
Available literary data did not enable us to estimate
unambiguously the influence of γ-radiation on magnetic
properties of amorphous soft magnetic alloys. The au-
thors of work [1] reported that the irradiation to the
dose Φ = 109 rad stimulates a growth of the ini-
tial magnetic permeability µi and the residual induc-
tion Br, as well as a reduction of Hc for magnetic
circuits fabricated from amorphous soft magnetic al-
loys Fe85−xCoxB15 (x = 12 ÷ 25%). On the con-
trary, the results of work [2] testified to a deteriora-
tion of magnetic properties of amorphous FeNiMoSiB
alloys subjected to this kind of radiation treatment.
The irradiation of initial (nonannealed) amorphous al-
loy Co83.5Fe5.5Si8.5B2.5 to the dose Φ = 10
7 rad stimu-
lated the growth of both Br/Bs and Hc [3]. For today,
there are no data concerning the influence of γ-radiation
on magnetic properties of nanocrystalline alloys on the
basis of Fe–Si–B.
Ambiguous data on the influence of γ-radiation on
magnetic characteristics of amorphous alloys made it ex-
pedient to study their dose dependences in the range as
wide as possible. Evidences in favor of this purpose are
also given by a nonmonotonous character of the dose de-
pendence revealed by the first maximum height in the
structural factor [4].
2. Experimental Materials, Methods of Their
Fabrication, and Research Techniques
In this work, we studied the influence of γ-radiation
(60Co was a radiation source, Eγ = 1.17 and 1.33 MeV,
the flow density φγ ≈ 10
11γquant/(cm
2s)) applied in
doses up to 5.7 × 1018 cm−2 = 3.4 × 109 rad on the
initial magnetic permeability of amorphous alloys of
the Metglas type (MG-alloys) and nanocrystalline al-
loys of the Finemet type (FM-alloys). The chemical
compositions of MG-alloys are given in Table 1 and
those of FM-alloys in Table 2. From Table 1, one
can see that the MG-alloys can be divided into two
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groups according to the concentration of nonmetallic
components in them: Fe-Si6B14 (alloys MG1 to MG-
3) and Fe–Si2B16 (alloys MG-5 to MG-8). All al-
loys, but MG-1 and MG-5, were doped with Ni and
Mo atoms. Doping MG-alloys with those atoms en-
hances their thermal stability and improves their mag-
netic properties [5].
For the preparation of initial alloys, components of
high purity were used: Fe – 99.96 wt.%, Si – 99.999 wt.%,
B – 99.9 wt.%, Ni ≥ 99.9 wt.%, Mo ≥ 99.8 wt.%, Cu ≥
99.9 wt.%, Nb ≥ 99.9 wt.%, and Co ≥ 99.9 wt.%. Alloy
MG-3T was produced from components of technical pu-
rity: Fe ≥ 98.6 wt.%, Mo ≥ 99 wt.%, ferroboron FB-17
(B ≈ 20.5 wt.%, Al – 1.2%, Si – 0.4%), and ferronickel
FN-5 (Ni – 7.8 wt.%, Co – 0.36%, Cu – 0.11%, Al –
0.1%, Si – 0.03%).
Alloys were produced in an induction furnace, in an
inert Ar atmosphere. The chemical composition of alloys
was determined using the method of X-ray fluorescence
analysis. Amorphous ribbons 10 mm in width and 24–
26 µm in thickness were fabricated using the method of
melt spinning in air on an open-type installation.
To study the magnetic properties of amorphous and
nanocrystalline alloys, the initial (nonannealed) amor-
phous ribbon was used for the fabrication of mag-
netic circuits (circular cores) with the help of a spe-
cial equipment for winding with the lowest tension.
The geometrical parameters of twisted circular cores
in the specimens were as follows: an internal diame-
ter of 12 mm, an external diameter of 20 mm, and
a height of 10 mm. Magnetic circuits made of MG-
alloys were annealed at a temperature of 420 ◦C for
15 min in the carbon dioxide atmosphere. Cores fab-
ricated from FM-6, FM-10, and FM-11 alloys were an-
nealed in the carbon dioxide atmosphere at the tem-
perature T = 520 ◦C for 30 min, and those from alloy
FM-2T at T = 535 ◦C for 60 min. To measure the ini-
tial magnetic permeability (Hm = 0.2 A/m, f = 10 and
100 kHz), we applied the method of inductance factor
T a b l e 1. Chemical composition (at.%) of amorphous
alloys of the Metglas type
No Alloy Fe Si B Ni Mo
1 MG-1 80 6 14
2 MG-2 76.2 6 14 3.8
3 MG-3T 78.5 6 14 1 0.5
4 MG-5 82 2 16
5 MG-6 78 2 16 1 3
6 MG-7 77.5 2 16 3.5 1
7 MG-8 75.5 2 16 3.5 3
determination [6]. The determination accuracy for µi
was 5%.
3. Experimental Results and Their Discussion
The thermal treatment of MG-alloys gave rise to an in-
crease of their initial magnetic permeabilities µi by sev-
eral times and a reduction of the corresponding coercive
forces Hc; the hysteresis loop became narrower, and the
number of Barkhausen jumps diminished. Those phe-
nomena are connected with a reduction of the magnetic
anisotropy owing to the elimination of internal stresses
[7]. These alloys find a wide application in the industry.
The magnetic characteristic, which is the most sensitive
to their structure, is the initial magnetic permeability µi.
In this work, we report results of our researches concern-
ing the influence of radiation on this parameter obtained
for magnetic circuits annealed in the optimum regime.
From Fig. 1, one can see that radiation did not affect
the initial magnetic permeability of undoped alloys MG-
1 and MG-5. In MG-alloys doped with nickel and molyb-
denum, a reduction of µi was observed, as the exposure
dose of γ-radiation grew. The largest relative variations
of µi were observed for alloys MG-6 and MG-8 (by 28
and 23%, respectively), in which the Ni concentration
amounted to 1 and 3.5%, respectively, and the Mo con-
centration was 3%. For alloy MG-7, in which the Ni
concentration was 3.5% and the Mo concentration was
1%, the relative variation of µi was about 20%. An in-
significant reduction of the initial magnetic permeability
was observed for alloy MG-2, which contained 3.8% Ni
and did not contain Mo. Hence, the reduction of the ini-
tial magnetic permeability in the examined MG-alloys
under the action of γ-radiation can be associated, first
of all, with the presence of Mo atoms in their chemical
compositions.
The dynamics of variations in the initial magnetic per-
meability of alloy MG-3T fabricated from components
of technical purity under the influence of irradiation is
somewhat different (Fig. 1,a). It is evident that the im-
purities that enter into its composition play a substantial
role.
T a b l e 2. Chemical composition (at.%) of amorphous
alloys of the Finemet type
No Alloy Fe Si B Cu Nb Co
1 FM-2T 73 15.8 7.2 1 3
2 FM-6 73.6 15.8 7.2 1 2.4
3 FM-10 71.25 16.4 7.7 1 2.1 1.55
4 FM-11 70.05 16.4 9 1 2 1.55
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Fig. 1. Dose dependences of the initial magnetic permeability (f = 10 kHz) of magnetic circuits fabricated from MG-alloys
In work [4], we showed that the doping of amorphous
alloys Fe–Si–B with nickel and molybdenum reduces the
sensitivity of their structural factors i(s) to radiation.
This fact testifies that, at least in doped MG-alloys,
the influence of radiation on structure-sensitive magnetic
characteristics is not connected with variations in the
short-range integral parameters. In view of the depen-
dence of radiation-induced changes in the initial mag-
netic permeability of MG-alloys on the concentration
of doping components, we may suppose that irradia-
tion brings about the formation of clusters, which con-
tain, first of all, molybdenum atoms and atoms of the
most mobile alloy components, B and/or Si. The ap-
pearance of such nonmagnetic inclusions can lead to a
decrease in the mobility of domain walls [8]. A possi-
bility of their formation was confirmed in [9, 10]. The
regions enriched with molybdenum are formed in the
near-surface layer of amorphous metal alloys (AMAs).
The authors of works [11–17] considered that the surface
of boron-containing AMAs is also enriched with boron
atoms, especially the free side of a ribbon, which did not
contact with the disk surface at manufacturing an alloy
[11, 12]. The enhanced concentration of atoms of this
element near the AMA surface was observed not only in
the initial amorphous ribbons, but also in the thermally
treated ones [13–17]. A thermal treatment additionally
increases the boron concentration in the near-surface lay-
ers (about 50 A˚ in thickness) of ribbons [13]. There-
fore, the formation of clusters containing molybdenum
and boron atoms under the influence of radiation should
be expected to take place in the near-surface layers of
a ribbon. The invariance of the initial magnetic per-
meability for Fe–Si–B alloys at irradiation doses above
2.5 × 1018 γquant/cm
2 can be explained by a saturation
of chemical bonds between Mo atoms and atoms of non-
metallic elements.
Additional researches are needed to establish the basic
mechanisms of influence of γ-radiation on the structure
and the magnetic properties of undoped alloys belonging
to the Fe–Si–B system.
In Fig. 2, the dependences of the initial magnetic per-
meability of nanocrystalline alloys on the exposure dose
of γ-radiation are depicted. By comparing the data in
Figs. 1 and 2, we arrived at a conclusion that µi’s for FM-
alloys are less sensitive to the radiation action, than the
magnetic permeabilities of MG-alloys doped with molyb-
denum and nickel. The maximum variations of the initial
magnetic permeability stimulated by γ-irradiation were
12% for alloy FM-2T, 8% for alloy FM-6tn (“tn” means
a thinner ribbon of 24 µm), and 12% for alloy FM-6tc
(“tc” means a thicker ribbon of 38 µm) (see Fig. 2,a). For
the magnetic circuits fabricated from FM-10 and FM-11
alloys containing Co, a reduction of µi did not exceed 5
and 7%, respectively (Fig. 2,b).
Nanocrystalline alloys of the Finemet type are biphase
systems, in which both the crystalline and amor-
phous phases are ferromagnetic at room temperature.
The volume fraction of the crystalline phase in FM-
alloys amounts to about 70%, and the composition of
nanograins is estimated as Fe–Si (18–23 at.%) [18–20].
Other elements that enter into FM-alloys are practi-
cally insoluble in α-Fe(Si), being located therefore in
the amorphous matrix. In general, variations of the ini-
tial magnetic permeability of FM-alloys stimulated by γ-
radiation can be associated with atomic reconstructions
in the amorphous matrix of alloys, as well as in the crys-
tal lattice and at the crystal boundaries. However, the
notable variations of the initial magnetic permeability
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Fig. 2. Dose dependences of the initial magnetic permeability (f = 10 kHz) of magnetic circuits fabricated from FM-alloyis
of crystalline materials can be revealed at much higher
doses of γ-radiation. This fact is confirmed by our re-
searches dealing with the influence of the given kind of
radiation on magnetic characteristics of the transformer
steel. Since the most mobile element in the alloy, boron,
is contained in the amorphous matrix, the radiation-
induced variations of the initial magnetic permeability
can be associated with its diffusion to crystal bound-
aries or with its participation in the formation of non-
magnetic clusters in the amorphous matrix.
In addition, a reduction of the initial magnetic perme-
ability under irradiation can occur owing to the growth
of crystallite dimensions. From literature data [18, 21],
it is known that the increase of a crystal size from 10 to
40 nm in alloys of the Finemet type worsens the magnetic
properties of the latter. A substantial, by several orders
of magnitudes, reduction of µi and an increase ofHc take
place. However, with regard for the exposure dose and
the fact that FM-alloys are rather stable quasiequilib-
rium systems (under their thermal treatment, the crys-
talline phase is segregated within a few minutes, i.e. the
fraction of crystalline phase is not changed during almost
the whole annealing process), this mechanism is hardly
probable.
As is seen from Figs. 1 and 2, the substantial changes
in µi and the saturation of the dependences µi(Φγ) for
MG-alloys doped with nickel and molybdenum, as well
as for FM-alloys, occur within the same interval of γ-
radiation doses. This fact may mean that the variations
of the initial magnetic permeability stimulated by the
radiation treatment connected with structural modifica-
tions in the amorphous matrix of FM-alloys. Moreover,
a similarity of the dose dependences for initial magnetic
permeabilities can also mean that the mechanisms of ra-
diation influence on a structure of the amorphous matrix
in FM-alloys and on a structure of MG-alloys are quali-
tatively identical. The role probably played by molybde-
num in MG-alloys can be characteristic of niobium atoms
in nanocrystalline ones. The formation of non-magnetic
inclusions in FM-alloys under the action of ionizing ra-
diation should be expected to take place at crystallite
boundaries and/or in the near-surface layers of the rib-
bon.
4. Conclusions
In the present work,
1) the doping of amorphous alloys Fe–Si–B with nickel
and molybdenum is found to enhance the sensitivity of
their initial magnetic permeabilities to radiation action;
the sensitivity of µi grows with the Mo concentration
and depends a little on the Ni concentration;
2) the initial magnetic permeabilities of nanocrystalline
alloys on the basis of Fe–Si–B are found to be less sen-
sitive to the action of γ-radiation than those for doped
amorphous alloys;
3) a hypothesis is advanced that the influence of radia-
tion on the initial magnetic permeability is associated
with the formation of non-magnetic inclusions in the
structure of amorphous alloys and in the amorphous ma-
trix of nanocrystalline ones.
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ВПЛИВ γ-ОПРОМIНЕННЯ НА ПОЧАТКОВУ МАГНIТНУ
ПРОНИКНIСТЬ АМОРФНИХ I НАНОКРИСТАЛIЧНИХ
СПЛАВIВ НА ОСНОВI СИСТЕМИ Fe–Si–B
В.Ю. Поварчук, В.К. Носенко, А.М. Крайчинський,
В.Б. Неймаш, М.М. Красько, В.В. Маслов
Р е з ю м е
Методом визначення фактора iндуктивностi дослiджено зале-
жностi початкової магнiтної проникностi µi аморфних i нано-
кристалiчних сплавiв на основi системи Fe–Si–B вiд дози γ-
опромiнення. Виявлено, що легування аморфних сплавiв си-
стеми Fe–Si–B молiбденом i нiкелем приводить до збiльшен-
ня радiацiйної чутливостi їхнiх µi. Початкова магнiтна прони-
кнiсть нанокристалiчних сплавiв на основi Fe–Si–B менш чу-
тлива до дiї γ-опромiнення, нiж легованих аморфних. Вислов-
лено припущення, що вплив радiацiї на початкову магнiтну
проникнiсть зумовлений утворенням немагнiтних включень у
структурi аморфних i в аморфнiй матрицi нанокристалiчних
сплавiв.
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